Multi-walled carbon nanotubes were synthesized using a Fe-Ni bimetallic catalyst supported by MgO using thermal chemical vapor deposition. Purification processes to remove unwanted carbon structures and other metallic impurities were carried out by boiling in sulfuric acid solution. Various analytical techniques such as TGA/DSC, Raman spectroscopy, SEM, HRTEM and EDAX were employed to investigate the morphology, graphitization and quality of the carbon nanotubes. The obtained results reveal the molarity of sulfuric acid and immersed time of the carbon nanotubes in the acid solution is very effective at purifying multi-walled carbon nanotubes. It was also found that 5 M concentration of boiling sulfuric acid for a 3 h treatment duration led to the highest removal of the impurities with the least destructive effect. Moreover, it was observed that acid treatment results in decreasing of CNTs' diameter.
Introduction
Since the discovery of carbon nanotubes (CNTs) by Iijima in 1991 [1] , they have attracted enormous amount of interest because of their unique physical properties and numerous potential applications; such as catalyst support, hydrogen storage, cathode catalyst support of fuel cell, microsensor, field emission display, super capacitor, nanotube heterojunction, nanoprobe and electrical contact [2] [3] [4] [5] [6] . Various methods have been used to grow both * E-mail: novinrooz@yahoo.com single-walled carbon nanotubes (SWCNTs) and multiwalled carbon nanotubes (MWCNTs) including laser ablation [7] , arc-discharge [1] and chemical vapor deposition (CVD) [8] . Laser ablation and arc discharging methods prove difficult when trying to control the structure of CNTs with respect to the CVD [9, 10] . Thermal CVD (TCVD) has many advantages over other methods due to its simplicity and low cost. In TCVD, the catalyst materials, usually transition metals such as Ni, Co, Fe or their binary alloys, are used for CNT growth [10, 11] . It has been proven that there is a relationship between CNT morphology and catalyst particles [10] [11] [12] . Thus, it is necessary to control the synthesis of metal particles according to the requirements. Aggregation of catalytic metal particles at higher growth temperatures is one of the serious drawbacks in growing of CNTs by TCVD. To prevent thermal aggregation, a second transition metal can be introduced into the catalyst to form an alloy structure possessing a higher melting point [10, 11] . Also, the synergistic action of two different metals enhances the total catalytic activity. It has been widely reported that the use of support material for catalyst particle facilitates large scale production of CNTs [13, 14] .
Purified nanotube material is often desired for many carbon nanotube applications. Hence, to exploit the properties of nanotubes, the purification is a crucial step in order to remove the metal catalysts from undesired byproducts without damaging the target compound structure. The presence of impurities like amorphous carbon, graphitic particles, catalyst and support materials affect the properties of the nanotubes as well as the behavior of any device built from them. Several purification processes, both chemical and physical, have been reported in the literature depending on the type of CNTs (MWCNTs or SWCNTs), growth method and metal catalyst [15] [16] [17] [18] . The chemical methods separate the synthesized products as a function of their reactivity, generally resulting in CNTs of higher purity but causing remarkable damages to the nanotubes' morphology [19] . While, the physical methods separate the synthesized products as a function of their size and have no destructive effect on the CNTs, but they are more complex and less efficient resulting in CNTs of lower purity [20] . In order to approach a final product with good purity without wide material loss, it is often useful to combine chemical and physical methods [16] . Although it is well-known that acid treatments are effective in the removal of metallic catalysts but at the same time, the acid treatment could create some unwanted damages such as oxidation of tube walls and introduction of chemical functional groups to the CNTs [3, 20] . Therefore, finding a suitable system for purification of CNTs is very important.
In this paper, the MWCNTs were synthesized on a Fe-Ni bimetallic catalyst supported by MgO using TCVD. The effects of acid treatment duration and molarity of boiling sulfuric acid on purification of the MWCNTs were studied. The scanning electron microscopy (SEM), transmission electron microscopy (TEM), Thermal gravimetric analysis (TGA), differential scanning calorimetry (DSC) and Raman spectroscopy techniques were used to evaluate the morphology, graphitization and quality of the purified MWCNTs. 2 . 6H 2 O and MgO were mixed in an aqueous solution and then kept in ultrasonic bath for about 60 min in order to obtain a homogenous suspension. The prepared impregnate was dried in an oven at 100°C for 24 h in air. Finally, the resulting yield was milled to obtain a fine powder.
Experimental

Preparation of catalyst
Growth of carbon nanotubes
For the growth of MWCNTs, a tubular electric furnace consisting of a horizontal cylindrical quartz tube was used. The metal catalyst was placed in an alumina boat and inserted into the quartz tube. Then it was heated up to 700°C under Ar gas flow ing at a rate of 80 sccm. It should be noted that the heating under inert gas is useful for prevention of pollution and deactivation of the catalyst. When the temperature reached 700°C, a mixture of Ar (20 sccm) and the H 2 (60 sccm) flow was fed into the furnace and heated up to 900°C in 15 min. When the temperature stabilized at 900°C, the mixture flow stopped and a flow of NH 3 (80 sccm) was introduced at the same temperature for 40 min to reduce the catalyst. The furnace was then further heated up to 940°C in 10 min under H 2 (80 sccm) flow. When the temperature stabilized at 940°C, high purity CH 4 and H 2 (with the ratio of 1:3) were introduced into the furnace with a flow rate of 80 sccm for 40 min. After the growth of MWCNTs, the furnace was cooled to room temperature under flowing Ar gas.
Purification of carbon nanotubes
The aforementioned grown MWCNTs were oxidized at 400°C for 60 min in O 2 ambient, in order to remove amorphous carbons. Then the MgO support and Fe-Ni metal catalysts were removed by acid treatment. 200 mg of the oxidized MWCNTs was immersed in 50 ml of boiling sulfuric acid with different molarities (1M, 3M and 5M) and different immersing times (1, 3 and 6 h). Then the purified MWCNTs were collected from the suspension by centrifugation washed several times with deionized water to remove any trapped acid until the pH value of the solution became neutral and finally dried overnight at 130°C.
Sample characterization
SEM (Philips XL30) was used for determination of the MWCNTs' morphology and average diameter. TEM (HRTEM, Philips CM 200 FEG) was carried out for accurate determination of diameter, shape and microstructure of the MWCNTs. For TEM analysis, the samples were prepared with the dispersion of MWCNTs in acetone using an ultrasonic bath. Then one drop of the prepared suspension was deposited on a carbon coated copper grid. TG and DSC analyses were employed to investigate the yield and graphitization of the MWCNTs using Rometric simultaneous thermal analysis (STA). The heating program was considered in a temperature range of 30 to 850°C with the heating rate of 10°C/min in air ambient. A micro-Raman spectrometer using 532 nm excitation light (HR-800, Jobin-Yvon) was used to determine the quality of MWCNTs.
Results and discussion
The information about the thermal stability and weight loss (%) of the nanotubes were obtained from TG and DSC analyses. The TGA and DSC derived from STA were used to determine the yield and the degree of graphitization of the MWCNTs. The yield of MWCNTs was obtained using their weight loss (%) in a temperature range of 500 to 800°C. In addition, the weight loss in a temperature range of 300 to 400°C indicates the existence of amorphous carbons. The obtained results of TG and DSC analyses are summarized in Tab. 1. The onset, inflection and offset temperatures listed in Tab. 1 represent the temperature at the initial weight loss, the maximum weight loss, and the final weight loss respectively. The higher inflection temperature and the smaller difference between the onset and offset temperatures are related to better graphitization of the MWCNTs [21] . TGA results showed that the yield of MWCNTs in the pristine sample was 46.17 and that no or very little amorphous carbon existed in it. As shown in Tab. 1, the pristine MWCNTs have the lowest onset and offset temperatures among the other samples. Yoo et al. reported the rate of catalyst role in the starting of MWCNT oxidation at lower temperature [22] . Also, Chen et al. reported that the oxidation stability of carbon nanotubes is influenced by defect sites in graphite and nanotube diameters [21] . So, the lowest onset and offset temperatures of pristine MWCNTs may be related to their highest catalyst impurity and lowest graphitization degree. The TGA results indicated that the yield of MWCNTs in the purified samples by 1M, 3M and 5M boiling sulfuric acids at the immersing time of 1 h were 78.34, 79.61 and 87.94, respectively. These results indicate that the molarity of sulfuric acid at the immersing time of 1 h was the most effective on the purification of MWCNTs. Moreover, DSC results revealed that the acid treatment could improve oxidation stability of the MWCNTs (due to increasing of inflection temperature). For investigation of the effect of acid treatment duration, the MWCNTs were purified by 5M boiling sulfuric acid for 3 and 6 h. Fig. 1 shows the weight loss vs. temperature of the pristine MWCNTs and the purified MWCNTs by 5M boiling sulfuric acid at the immersing times of 1, 3 and 6 h. The TGA results showed that the yield of MWCNTs in the samples purified under the acid treatment durations of 3 and 6 h were 92.59 and 93.82, respectively. Moreover, the weight loss of the MWCNTs purified by 5M boiling sulfuric acid in a temperature range of 300 to 400°C at the immersing times of 1, 3 and 6 h was 0.32, 0.44 and 1.9, respectively. It indicates that the MWCNTs were destructed in the form of amorphous carbon under different acid treatment durations, but the degree of destruction was the highest in the immersing time of 6 h. Therefore, to prevent the destruction of MWCNTs, it seems that the immersing time of 3 h is suitable for their purification.
Further characterization of the purified MWCNTs was carried out by Raman spectroscopy. In the Raman spectra of MWCNTs, there are two prominent peaks at around 1250-1450 cm −1 (D band) and 1500-1605 cm −1 (G band) [21] . The first is related to disorder structure band and attributed to the defects in the curved graphene sheet and tube ends or amorphous carbons. The second peak is related to the structural integrity of sp 2 -bonded carbon atoms in the two-dimensional hexagonal lattice, indicating the presence of crystalline graphitic carbon [23, 24] . The comparable intensity of I G to I D indicates the quality of MWCNTs, that is the higher intensity of I G /I D ratio is reflective of the higher quality of the carbon nanotubes without defects [25, 26] . Fig. 2 shows the Raman spectra of the pristine MWCNTs (Fig. 2a) and the purified MWCNTs by 5M boiling sulfuric acid at the immersing times of 1, 3 and 6 h (Figs. 2b, 2c and 2d, respectively) . As shown in this figure, the I G /I D ratio of the pristine sample is 2.12, while and for the MWCNTs purified by 5M boiling sulfuric acid at the immersing times of 1, 3 and 6 h it is 2.80, 3.68 and 3.53, respectively. The increasing value of I G /I D ratio after acid treatment (Fig. 2c) should be attributed to the decrease of amorphous carbons and disorder bonds. Moreover, the decreasing value of I G /I D ratio for the MWCNTs purified by 5M boiling sulfuric acid at the immersing time of 6 h. (Fig. 2d) can be explained by the destructive effect of the acid treatment at higher immersing time. In other word, as the immersing time was increased to 6 h I G /I D ratio start decreasing. Although, the Raman shift is small. In our investigations we found that 6 h is the early stages of more destruction. Our further observations of 7 h and 8 h treatment clearly showed more destruction of MWCNTs. This observation is in good agreement with our TGA results in which the purified MWCNTs treated by 5M boiling sulfuric acids at the immersing time of 6 h had the highest weight loss (%) within the temperature range of 300 to 400°C. In addition, as seen from Tab. 1, amorphous carbon was decreased from 1.9% to 0.44% corresponding to 6 h and 3 h respesctively. Therefore, it is convenient to say that, 5M boiling sulfuric acid for 3 h immersing time is an optimal purification condition of MWCNTs. Fig. 3 shows SEM images of the pristine MWCNTs (without any purification treatment), and the purified MWCNTs treated by 5M boiling sulfuric acid at the immersing time of 3 h, respectively. It is clear from Fig. 3a that the pristine MWCNTs contained many impurities and it is very hard to trace the nanotubes. In Fig. 3b , the effect of 5M boiling sulfuric acid at immersing time of 3 h in dissolution of the catalyst is quite visible. Also, Fig. 3b shows that diameter of the MWCNTs decreased after purification. A close look at TEM picture in Fig. 4 also, clearly shows a decreasing of diameter after purification. Oxidation of the tube walls may explain this decrease in the diameter of MWCNTs. More discussion about this event has been given on our earlier work [3] . High resolution TEM was employed to explore the modifications in the structure of the MWCNTs because of purification treatment, and to locate the catalyst particles present in the sample. Fig. 4a shows the HRTEM images of the pristine MWCNTs, where, a significant fraction of Fe and Ni contents is seen as impurity particles inclu- sion in the axial hallows of the nanotubes. The EDAX analysis of the sample confirmed the existence of these impurities. The effectiveness of 5 M boiling sulfuric acid at the immersing time of 3 h in the removal of the metallic catalysts is evident in the TEM image illustrated in Fig. 4b . It is observed that the impurities were eliminated from the MWCNT matrix and that the MWCNTs tip was opened after purification by 5 M boiling sulfuric acid at the immersing time of 3 h. Further, comparison of Figs. 3a and 3b confirms the removal of other carbon structures such as carbon shell and decreasing of the wall thickness after purification. These observations are in accordance with our SEM, TGA and Raman spectroscopy results. Fig. 5 (a, b) illustrate the XRD spectra of pristine and purified MWCNTs. Respectively. It is obvious from this figure that by 5 M boiling H 2 SO 4 acid at immersing time of 3 h, intensity of (002) graphite peak increased due to purification. Also, intensity ratio of Fe-Ni peak to graphite peak of purified MWCNTs decreased compared to the raw MWCNTs. This is convenient to regard this as a decreasing of amorphous carbon and disordered bond in MWCNTs
Conclusion
The MWCNTs were synthesized on Fe-Ni bimetallic catalyst supported by MgO using TCVD. The results revealed that immersing time of the MWCNTs in the acid solution and molarity of the boiling sulfuric acid are very effective for purification of the MWCNTs. The TG and DSC analyses indicated that the acid treatment could improve oxidation stability of the MWCNTs. The results also showed that in spite of effectiveness of the immersing time, there was a limitation for it because of its destructive effect on the MWCNTs. Investigation of the Raman spectra showed an increase in the I G /I D ratio after the acid treatment due to decreasing of amorphous carbons and defective structures by the boiling sulfuric acid. It was also found that the 5 M boiling sulfuric acid at 3 h treatment duration led to the highest removal of the impurities with the least destructive effect. On the other hand, the TEM images confirmed that the impurities were eliminated from the MWCNT's matrix and that the MWCNT's tip was opened after purification by the 5 M boiling sulfuric acid at the immersing time of 3 h. Moreover, it was observed that acid treatment resulted in decreasing of the MWCNT's diameter.
